Abstract. Tumor growth and progression is a complex phenomenon dependent on the interaction of multiple intrinsic and extrinsic factors. Necessary for tumor development is a small subpopulation of potent cells, so-called cancer stem cells, that can undergo an unlimited number of cell divisions and which are proposed to divide symmetrically with a small probability to produce more cancer stem cells. We show that the majority of cells in a tumor must indeed be non-stem cancer cells with limited life span and limited replicative potential. Tumor development is dependent as well on the proliferative potential and death of these cells, and on the migratory ability of all cancer cells. With increasing number of cells in the tumor, competition for space limits tumor progression, and in agreement with in vitro observation, the majority of cancer cells become quiescent, with proliferation primarily occurring on the outer rim where space is available. We present an agent-based model of early tumor development that captures the spatial heterogeneity of stemness and proliferation status. We apply the model to simulations of radiotherapy to predict treatment outcomes for tumors with different stem cell pool sizes and different quiescence radiosensitivities. We show by first presuming homogeneous radiosensitivity throughout the tumor, and then considering the greater resistance of quiescent cells, that stem cell pool size and stem cell repopulation during treatment determine treatment success. The results for tumor cure probabilities comprise upper bounds, as there is evidence that cancer stem cells are also more radioresistant than other tumor cells. Beyond just demonstrating the influence of mass effects of stem to non-stem cell ratios and proliferating to quiescent cell ratios, we show that the spatiotemporal evolution of the developing heterogeneous population plays a pivotal role in determining radioresponse and treatment optimization.
Introduction
Cancer is the abnormal growth of cells that escape tissue control and proliferate abnormally to form a tumor that invades the host tissue. Cancer cells are generally described as a population of cells that have acquired a series of mutations in there genome to express the so-called six hallmarks of cancer: evading apoptosis, limitless replicative potential, self-sufficiency in growth signals, insensitivity to anti-growth signals, sustained angiogenesis and tissue invasion and metastasis [1] . According to a prevailing paradigm for cancer risk estimation, once a cancer cell is created, symptomatic cancer disease will inevitably result [2] . Over the last decade or so, however, we have learned that frank cancers may exist as dormant nodules [3] despite the presence of a subpopulation of tumor stem cells. The first evidence of such cancer initiating cell surfaced for leukemia, tumors of the blood [4, 5] . Recently, tumorigenic cells have also been associated with solid tumors e.g. of the breast, brain, prostate and colon [6, 7, 8, 9, 10, 11, 12, 13] . The cancer stem cell hypothesis posits that a small subpopulation of immortal cancer stem cells exist in the tumor with the ability to proliferate indefinitely, and, with a certain probability, divide symmetrically to give rise to more such cancer stem cells. By this theory, the mechanism by which the mortal cancer cells comprising the rest of the tumor are replenished is through asymmetric stem cell division, during which the stem cell maintains its property and the daughter cell is fated to mature [14] . The clinical significance of the stem cell hypothesis is that optimum tumor control is not necessarily achieved by killing the majority of the cancer cells, but by eradicating the small subpopulation of cancer stem cells [15, 16] . With increasing tumor mass cells compete for limited resources such as space and nutrients. Tumor growth can be inhibited by its own mass [17] , lack of oxygen [18, 19] or the microenvironment [20, 21] . As the tumor grows proliferating cells tend to bias to the tumor periphery and the center becomes more quiescent. Nutrient limitations can give rise to this proliferation gradient, although we and others have shown that cell-density-dependent growth inhibition is also a factor [22, 23] . Accordingly, renewed growth requires neovascularization, a facilitative microenvironment and, as had been proposed earlier by Norton and colleagues [24, 25] , seeding of cells to peripheral areas of low density. Heterogeneity in cellular proliferation status is very important for treatment planning. Radiosensitivity varies considerably throughout the cell cycle, and quiescent cells, i.e. cells in G 0 phase, are less sensitive than proliferating cells [26, 27] . Cells quiescent at the time of radiation can become proliferative again and repopulate the tumor even beyond pre-treatment cell numbers [28] . Different mathematical models of radiation response have previously considered a homogeneously radiosensitive tumor population [29, 30] , as well as tumor populations composed of cells with varying radiotherapeutic [31, 32] and chemotherapeutic resistance [33, 34, 35] . Here we present a model that focuses on the understated role of stem cell pool size and stem cell repopulation during the course of treatment. We show that the spatio-temporal evolution of the developing heterogeneous population [36] plays a pivotal role in determining radioresponse and treatment optimization.
Model
We use an agent-based model (see [37] for a review of similar model approaches) to simulate tumor development from single cancer stem cells. We let the tumors grow to a certain size, and then simulate different radiotherapy protocols to elucidate the roles of cancer stem cells and spatiotemporal population dynamics in tumor response.
Tumor growth model
Cells are considered as individual entities with a cell cycle, maturation age of one day, migration potential µ = 0.00635 mm h −1 (≈ 1 cell width / 90 minutes) [38] and a limited replication capacity ρ = [0, ρ max ]. A replication capacity of ρ max means that one cell can divide ρ max times, producing potentially 2 ρmax cells, before reaching senescence and undergoing cell death. In the case of a cancer stem cell, ρ max = ∞. Time is discretized with the smallest unit in our model, i.e. ∆t = 90 mins, and increment the age of each cell. Based upon available space cells can migrate, or (if the maturation age has also been reached) divide, reducing ρ by one. Additionally, at each cell division cancer stem cells can with probability p s divide symmetrically to produce another cancer stem cell with identical features, or with probability 1 − p s divide asymmetrically to produce a cancer stem cell and a non-stem cancer cell with limited proliferation capacity ρ max . Non-stem cancer cells are additionally subject to spontaneous cell death with probability α/day. If the local environment is saturated with cells, i.e. no adjacent lattice points are vacant, we assume cells are unable to migrate or divide to proliferate and place a daughter cell nearby. A cell unable to migrate and proliferate becomes quiescent.
Algorithmically, cells are chosen at random to be updated dependent on their internal state and the local environment. Subject to available space the cell will migrate into a random empty neighboring site or maintain its current position. If the maturation age is reached proliferation is attempted. Without proliferation capacity, i.e. ρ = 0, the cell dies and is deleted from the simulation. If ρ > 0 the cell can divide if a neighboring lattice point is available. If more than one of the eight adjacent grid points in two dimensions are free, a lattice site is chosen at random where the daughter cell will be placed. The daughter cell will inherit the parents reduced proliferation capacity or ρ max if the parent is a stem cell. If the parent is a stem cell, both daughters will become stem cells with probability of symmetric division p s . Otherwise, one daughter will become a nonstem cell. A flowchart of the simulation process is shown in figure 1 . We solve the model in a twodimensional domain of 3, 500µm × 3, 500µm divided in 350 × 350 lattice points of 10µm 2 , each of which can host at the most one cell at any time. The simulations of tumor growth are initialized with a single cancer stem cell in the center of the domain. Once the tumors have reached a specific size, i.e. 100, 000 cells, the simulation is halted and the tumor morphology and age structure saved to simulate and compare different radiotherapy protocols on that tumor. The cell will rest in quiescence if there is insufficient space to proliferate. If there is space the cell can migrate, and if there is sufficient space for the cell to divide it will proceed into mitosis. In the event of spontaneous apoptosis α or if the proliferation capacity ρ is exhausted the cell will undergo apoptosis; otherwise it will produce a daughter cell.
Radiotherapy model
The fraction of cells that survive radiation is modeled using the established linear-quadratic (LQ) model:
where S(D) is the surviving fraction of cells after application of dose D = n × d (n is number of fractions with dose d) and α and β are tissue-specific radiosensitivity parameters. We assume ξ = 1 for proliferating cells and ξ < 1 for more radioresistant quiescent cells. In the discrete model we interpret the treatment survival fraction as the probability an exposed cell survives treatment [39] . For this study we will apply typical breast cancer radiosensitivity parameters α/β = 10 and α = 0.3 [40] . The LQ model has been extended to account for inter-fraction repopulation and reoxygenation of hypoxic cells [41] . In this study we focus on microtumors in the target area of the radiation, with the number of cancer cells being sufficiently low such that hypoxia can be ignored. Tumors smaller than diffusion limited size (≈ 1mm diameter) have been found to be fully oxygenated [42] . Quiescent cells in our model arise due to intratumoral competition for space [22, 23] , and become reactivated when adjacent space becomes vacant. Quiescent cell radiosensitivity is a major determinant for treatment success, and the spatial distribution of proliferating cells and their killing due to radiation plays a crucial role in the activation of quiescent cells during course of the treatment. We will use the basic LQ model to calculate the survival probability S(d) for each proliferating cancer cell at each of n discrete time points according to the simulated treatment protocol, and solve the tumor growth model between fractions to account for repopulation dynamics and re-entry of quiescent cells into cycling status. The LQ model is evaluated for quiescent cells in proportion to the quiescence radiosensitivity. In line with the cancer stem cell hypothesis, tumor cure is achieved when the cancer stem cell compartment is eradicated [15, 16] (figure 2). We therefore assume tumor cure when all cancer stem cells are eradicated, even if a cancer cell mass resides. 
Results

Effect of symmetric cancer stem cell division probability p s on tumor stem cell fraction and tumor growth
We first use the model to simulate tumor development from a single cancer stem cell, and investigate how tumor growth changes as the symmetric stem cell division probability p s changes. For all simulations we assume a cancer cell proliferation capacity ρ max = 15 cell divisions, cell migration µ = 15 cell widths per day, and a spontaneous cell death rate of α = 0.01. We solved the tumor growth model for p s = 10%, 25%, 50% and 75%. Due to the stochastic nature of the model we performed 10 independent simulations in each case and compiled the average statistics. In the early phase of simulated tumor growth, the cancer stem cell and its immediate progeny face no competition, and migrate to free space in accordance with the value µ. Initial tumor growth is thus exponential. With increasing cell number competition for space dictates cell dynamics and cells in the core of the tumor are forced into quiescence. Only when the cells on the outer rim migrate away or die off (either because their proliferation capacity is exhausted, i.e. ρ = 0, or due to spontaneous apoptosis α) quiescent cells can become proliferative again and contribute to tumor growth. Crucial for the advancement of the tumor proves to be the ability of cancer stem cells to symmetrically divide to increase the number of immortal cells that can give rise to may potent daughter cells. In all simulations, despite variations in symmetric stem cell division probability p s , tumors are able to reach the target size of 100, 000 cells. The times for the tumor to develop, however, varies, as does the final stem cell fraction. If the stem cell has a low symmetric division probability, i.e. p s = 10%, it takes on average 1, 451 days for the tumor to reach target size. These tumors feature on average 336 ± 19 cancer stem cells, representing as little as 0.34% of the total tumor population. Increasing the symmetric stem cell division probability p s reduces the tumor development time drastically down to 55 days for p s = 75%. Remarkably, although the cancer stem cells divide symmetrically three out of four times, the final stem cell pool comprises only 15.19% of the total tumor (14, 071 ± 515 cells). Symmetric division probabilities of p s = 50% and p s = 25% result in 2.65% and 1.34% cancer stem cells, respectively (Figure 3) . Simulations of our model indicate that even if cancer stem cells preferably divide symmetrically, the fraction of cancer stem cells in the tumor is relatively small. Figure 3 (right panel) shows the spatio-temporal evolution of the distribution of proliferating and quiescent cells, as well as the spatial location of cancer stem cells in a rapidly growing tumor. In line with other findings [43] , the proliferating fraction of cancer cells is almost exclusively limited to the outer rim where sufficient space is available for cells to grow and proliferate. Furthermore, the cancer stem cell compartment is not a single cluster of cancer cells but is dispersed among many small niches enriched with cancer stem cells throughout the tumor. Potent cells and cancer stem cells are almost exclusively located in the core of the tumor behind the proliferating rim and are primarily quiescent. Our simulations reveal that approximately 81% of all cells and 96% of stem cells become quiescent for p s = 10%. The corresponding percentages for p s = 25, 50, and 75% are 82%(97%), 80%(95%) and 73%(90%), respectively. This is in line with previous observations that many of the cells in a tumor are nonproliferative but still clonogenic [44, 45] . The presence of quiescent cells is an important treatment determinant, as such cells tend to be both radio-and chemo-resistant [26, 46] .
Cancer stem cell pool size and radiotherapy success
Tumors developing from stem cells with different symmetric stem cell division probabilities p s feature different stem cell fractions, ranging from 0.34% to 15.15% for the chosen parameter sets (p s = 10−75%). Eradication of cancer stem cells is the key to successful tumor control (c.f. figure  2) . The fewer cancer stem cells there are in a tumor, the more likely tumor control will be achieved. The majority of those stem cells, however, resides in the quiescent core of the tumor and are thus more resistant to damage. To clearly contribute radiation success or failure to stem cell pool size, we first neglect quiescent cell radioresistance [26] and assume quiescent cells are as radiosensitive as their proliferating counterparts. We also ignore intrinsic cancer stem cells radioresistance [47] . After initial analysis we restore these well-known resistance determinants and assess their specific effects on the calculated tumor control probabilities. Before considering stem cell and quiescent cell radioresistance, variations are seen in the control of tumors of identical size with homogeneous cell radiosensitivity. Successful tumor control is achieved when all cancer stem cells are depleted, which is directly related to initial number of cancer stem cells at the beginning of treatment and the production of new cancer stem cells.
Hypofractionation and quiescence radiosensitivity
We now use the tumor growth and radiotherapy model to evaluate the tumor cure probability of novel hypofractionated radiation protocols. The standard treatment of many solid tumors comprises the delivery of a large dose in many small increments. The time between treatment fractions minimizes late-effect damage to normal tissues, while the fractions themselves target the earlyresponding tumor tissue. In the conventional treatment with 50 Gy, radiation is delivered in 25 fractions of 2 Gy each (henceforth called Protocol A). Treatment is given five days per week, with no treatments on the weekends, defining the radiotherapy over a course of five weeks (i.e. 35 days). This protocol has proven successful for a number of solid tumors. However, patients need to return to the clinic to receive their radiation for many days which presents logistic problems especially for elderly patients [48] . Clinical trials with more convenient protocols are ongoing that aim to achieve similar, if not better tumor control than the standard protocol. Fewer fractions with larger doses are under consideration, with larger inter-fraction times to reduce normal tissue toxicity. The biological limitations, of course, are inter-fraction repopulation and the loss of some quadratic killing from the fractionation. These negative responses must be nullified by increased cell killing with larger doses. In this study we compare the conventional 2 Gy ×25 protocol with novel clinical trials of 3 Gy ×13 (delivered over the same time period, with three fractions per week; the UK Standardisation of Breast Radiotherapy (START) Trial A (Protocol B) [49] ) and 6 Gy ×5 (one fraction per week over five weeks, FAST trial (Protocol C) [50] ). Due to the stochastic nature of the model we again simulate each treatment protocol ten times on five different tumors each with p s = 10% and p s = 25% -tumors that are controlled under Protocol A (c.f. figure 4) .
With a symmetric cancer stem cell division probability p s = 10%, and an initial 336 stem cells in the 100, 000-cell tumors, each of 50 simulations of the conventional fractionated treatment (Protocol A) eradicates the cancer stem cell and the total tumor population (figure 5). Hypofractionation with Protocol B and Protocol C yield comparable residual tumor cell counts (78 and 44 cells), but the longer repopulation period in the latter protocol offsets the superior cell kill with each fraction. In one of 50 simulations of Protocol C, two cancer stem cells survived resulting in an average of 0.04 and an estimated tumor cure probability TCP=98%, whereas all cancer stem cells are eradicated in all simulations of Protocol B (figure 5). In tumors with larger stem cell compartments (1, 303 stem cells, p s = 25%), the number of residual tumor cells after treatment are 105, 489 and 1, 078 cells for Protocols A, B and C, with respective cancer stem cell counts of 0, 0.06 and 0.54. The corresponding estimated tumor control probabilities (TCPs) are 100%, 98%, 84%.
We have shown that stem cell pool size and inter-fraction repopulation influence tumor control by radiation in tumors with homogeneous radiosensitivity. Analogous to the oxygen enhancement ratio (OER) of about 3.0 [51] , we introduce a radioresistance for quiescent cells by setting ξ in Equation 2.1 to ξ = 0.33 ( figure 5 ). This results in a tumor control probability of 32% for Protocol C if p s = 10% (corresponding to an average 2.8 surviving cancer stem cells), whereas complete eradication of the stem cell pool is still achieved for Protocols A and B. Tumor control values for tumors with p s = 25% reduce to 90%, 70% and 0% for the three protocols. The tumor cure probabilities for the different treatment protocols and parameter sets are summarized in table 1.
Simulations of the presented model indicate a space -dependent impact of quiescent cell radiosensitivity. Cells that die due to radiation vacate the space they occupy, and neighboring cells compete to migrate into or place their daughter cells into the freed space. Depending on where cells die due to radiation, and how quickly previously quiescent cells can become proliferative again, radiation treatment either successfully eradicates the whole stem cell compartment or fails to provide tumor control. Figure 6 shows the spatial distribution of proliferating and quiescent cells after selected treatment fractions of Protocol A, assuming quiescent cell radiosensitivities ξ = 0, ξ = 0.5 and ξ = 1. Radiation of a tumor with radioresistant, i.e. 0% radiosensitive quiescent cells yields partial eradication of the outer rim of proliferating cells only. With increasing fraction number, more space that was occupied by proliferating cells becomes vacant, and previously quiescent cells become proliferative and thus sensitive to future radiation fractions. Many fractions are necessary to eradicate a tumor with a radioresistant quiescent core. With increasing quiescent cell radiosensitivity cell kill occurs additionally in the quiescent cell compartment behind the outer rim resulting in accelerated reactivation of quiescent cells in the tumor core, which in turn yields better tumor control in fewer fractions. 
Disucssion and Conlusions
We have presented here a single-cell-based model of tumor growth and radiotherapy. The model is motivated by the clinical question of the role in treatment outcome of cancer stem cells and quiescent tumor cells as they respond to radiation-dependent changes in their spatial distribution. All cells behave individually following intrinsic rules, constrained by available space in their local environment.
Simulations of our model revealed that tumors of identical size can develop with significant differences in the tumor-perpetuating stem cell compartment. We limit our study to symmetric stem cell division as the only mechanism to enlarge the stem cell pool, and neglect mechanisms such as cancer cell dedifferentiation [52] or epithelial-mesenchymal transition [53] to reduce complexity. We have shown that even large intrinsic symmetric cancer stem cell division probabilities result in only a small stem cell sub-population in the growing tumor. A symmetric division probability of p s = 50%, for example, leads to a stem cell fraction of only 2.65%. The tendency of the cancer stem cell pool to be small despite a wide range of p s values not only supports the hypothesis that cancer stem cells are only a minority of cells in a tumor (1% − 0.01% [15] ), but assures longer tumor development times than would have been expected if the stem cell pool size matches the symmetric division probability. This is in line with previous reports that many years can pass before a single cancer cell develops a tumor of a detectable size [54] .
The model reproduces experimentally and clinically observed proliferation gradients in a tumor without introducing oxygen and nutrients as limiting factors, again in line with recent reports [22, 23] . The core of each tumor cluster is predominantly quiescent, and only cells on the outer rim are proliferating. Such a model of tumor development with heterogeneous cell characteristics allows for realistic simulations of response to radiation treatment. Tumor cell heterogeneity is realized as cell stemness, cell proliferation capacity, and proliferative status (proliferative or quiescent), all of which bear on treatment success or failure. Both cell proliferation capacity and proliferation status change during the course of treatment. The stochastic effect of radiation on cell killing has shown significant impact on treatment success even when a certain treatment protocol is applied repeatedly to the same in silico tumor. The treatment outcome variability is due to the competition for space that arises when cells die or migrate during radiotherapy. Our model predicts that the spatial distribution of cells and the spatio-temporal evolution of the tumor cell morphology during radiation is highly stochastic and the major determinant of treatment success. The wide variability of treatment success for the same tumor indicates that more sophisticated treatment models that take better account of stochastic tumor heterogeneity would improve TCP estimation.
Simulations of radiotherapy on tumors of identical size but with varying stem cell fraction, assuming homogeneous radiosensitivity for all cancer cells, suggest that the stem cell fraction is a fundamental determinant for treatment success. Only if the number of stem cells is sufficiently small at the beginning of treatment and the inter-fractional stem cell production is low tumor control can be achieved.
We have shown that if quiescent cells, which make up the majority of the tumor core, are more radioresistant, novel hypofractionation radiation protocols in which fewer but larger doses of radiation are delivered to the tumor are only able to achieve tumor control if 1) the stem cell population is sufficiently small and 2) symmetric division and stem cell repopulation do not antagonize the increased radiation kill in the larger, less frequent fractions. Comparison of local-regional tumor relapse in the clinic at five years after treatment revealed a 3.6% likelihood with the conventional treatment (Protocol A, 2 Gy×25 fractions), and a 5.2% likelihood with hypofractionation (Protocol B, 3 Gy ×13) [49] , with comparable results expected for Protocol C (6 Gy ×5) [50] . If the tumor cure probability is directly related to local recurrence of the disease, and quiescent cells exhibit about a third of the radiosensitivity of their proliferating counterparts [51] , then the stem cell fraction in a breast tumor is likely to be even less than the simulated 0.34%, implying a symmetric division probability p s < 10%. To draw conclusions like this, however, correct tumor size, quiescent tumor fraction and radiosensitivity parameters α and β in (2.1) need to be known.
In this study we have restricted tumor growth and simulation of radiotherapy to tumors of 100, 000 cells to reduce computational complexity. Tumors that can be clinically detected and treated with radiation are at least ten to twenty times bigger. Furthermore, for simplicity we have assumed that cells that are killed by radiation are removed from the system immediately, heightening the opportunity for quiescent cells to become proliferative and radiosensitive by the time of next radiation. Including a delay in radiation-induced cell death [55] could shift the tumor control accordingly, and less-frequent fractions might provide similar tumor control than the conventional treatment. In this context, an accelerated treatment with initially fewer fractions and more frequent deliveries later in the treatment might prove useful. We have explicitly ignored additional factors that are proven to be important radiobiology to draw conclusions about stem cell fraction, quiescent radiosensitivity and the importance of the evolution of the spatio-temporal proliferation-quiescent cell morphology in tumors during radiation. Further development of this work should include such higher-order mechanisms to capture the full interplay of cell kinetics controlling population response to therapy.
